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Specialized Contributions by
a(1,3)-Fucosyltransferase-IV and FucT-VII during
Leukocyte Rolling in Dermal Microvessels
of distinct leukocyte subsets to Peyer's patches, periph-
eral lymph nodes, and the bone marrow (Butcher and
Picker, 1996; Mazo and von Andrian, 1999).
In most nonlymphoid tissues, adhesion pathways
must be upregulated by inflammatory stimuli to allow
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University of Michigan stitutively active in dermal venules. Indeed, several stud-
ies have shown that leukocytes roll at high frequencyAnn Arbor, Michigan 48105
in noninflamed skin (Mayrovitz, 1992; Janssen et al.,
1994; Nolte et al., 1994; Milstone et al., 1998). In contrast,
rolling is rare in other noninflamed tissues such as theSummary
mesentery or cremaster muscle unless endothelial cells
are exposed to inflammatory stimuli (Fiebig et al., 1991;Noninflamed skin venules support constitutive leuko-
Ley et al., 1995).cyte rolling. P-selectin controls the rolling frequency,
The adhesion pathways that mediate leukocyte rollingwhereas E-selectin dictates rolling velocity (Vroll). Fuco-
in vivo include the a4 integrins and the selectin familysylated selectin ligands are essential for all interac-
(Carlos and Harlan, 1994; Kansas, 1996). L-selectintions, as rolling was absent in mice doubly deficient
(CD62L) is expressed on most leukocytes and bindsin a1,3-fucosyltransferase (FucT)-IV and FucT-VII. The
endothelial ligands in lymphoid organs and inflamedrolling fraction was reduced in FucT-VII2/2 animals but
tissues. E-selectin (CD62E) is only found on endothelialnormal in FucT-IV2/2 mice. However, Vroll was markedly
cells. It binds ligands on circulating granulocytes, mono-increased in both strains. P-selectin ligands generated
cytes, and some memory lymphocytes. On endothelialby FucT-VII are crucial for initial leukocyte tethering,
cells in culture and in most tissues, E-selectin is onlywhereas E-selectin ligands that permit maximum
detectable after several hours exposure to cytokinesslowing of Vroll require simultaneous expression of
(TNFa or IL-1) or bacterial endotoxin, which induce tran-FucT-IV and FucT-VII. These results demonstrate a
scription of the E-selectin gene. P-selectin (CD62P) isrole for FucT-IV in selectin-dependent adhesion and
stored in platelet a-granules and in Weibel-Palade bod-suggest that the endothelial selectins and FucTs have
ies of endothelial cells. It is rapidly translocated to thedistinct but overlapping functions in the immunosur-
cell surface when cells are exposed to secretagoguesveillance of the skin.
such as histamine or thrombin. Some inflammatory cyto-
kines can also induce P-selectin transcription.Introduction
Prior reports suggest that rolling in noninflamed skin
is mediated by selectins; P-selectin antibodies blockedLeukocyte recruitment from blood to tissues requires a
rolling in ears of hairless mice, whereas antibodies to L-cascade of distinct molecular events that mediate cell
or E-selectin had no effect (Nolte et al., 1994). However,adhesion and extravasation in postcapillary venules
leukocyte rolling was observed in the dorsal skin of(Springer, 1994; Butcher and Picker, 1996). Leukocytes
P-selectin-deficient (P2/2) mice (Yamada et al., 1995).are initially tethered to endothelial cells by adhesion
The mechanisms for this P-selectin-independent eventpathways featuring high on-rate and tensile strength but
have not been determined.rapid reversibility. This leads to margination and rolling
Selectins mediate rolling by binding to sialyl-Lewisxof the tethered cell along the venular wall. Subsequently,
(sLeX) and related carbohydrates on cell surfaces.rolling cells must encounter a chemoattractant, which
These physiologic ligands must be fucosylated by a1,3-triggers engagement of integrins and firm arrest. Leuko-
fucosyltransferases (FucTs) (Maly et al., 1996; Lowe,cytes can enter most extravascular compartments only
1997; J. B. Lowe et al., personal communication). Leuko-after they have undergone each of these steps. The
cytes express two FucTs, namely FucT-IV and FucT-VII.molecular components of adhesion cascades vary be-
The importance of the latter has been demonstrated intween different tissues and between physiologic and
FucT-VII2/2 mice (Maly et al., 1996), whereas the role ofpathologic situations in the same tissue. This combina-
FucT-IV remains to be defined. FucT-VII2/2 mice showtorial diversity was shown to mediate selective homing
blood leukocytosis as well as impaired lymphocyte hom-
ing and leukocyte extravasation to sites of inflammation.
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cbr.med.harvard.edu).
a substantial reduction in the number of rolling leuko-k These authors contributed equally to this work.
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Figure 1. Rolling Fractions, Cumulative Velocity Curves, and Selectin Expression in Ear Venules of WT, P2/2, and L2/2 Mice
(A) Rolling fractions were determined as percentage of rolling cells in the total flux of rhodamine 6G±labeled leukocytes. Bars represent
mean 6 SD. For WT mice, baseline rolling fractions from all mAb inhibition experiments shown in Table 1 were pooled. Rolling fractions
between WT and knockout mice were compared using the Kruskal-Wallis test and Dunn's multiple comparison test (ns, not significant). n 5
number of venules/animals examined.
(B) Cumulative rolling velocity curves in WT, L2/2, and P2/2 mice. The percentage of cells that rolled at or below a given velocity is shown as
a function of Vroll. n 5 total number of cells/venules/mice analyzed in each group.
(C) Rolling fractions were measured in WT and P2/2 mice before and after injection of anti-E-selectin mAb 9A9 (50 mg/mouse). Data shown
are mean 6 SD. Rolling fractions were compared using the Wilcoxon signed rank test.
(D) Immunohistology of murine ear sections were stained with nonbinding rat IgG (negative control), anti-ICAM-2 mAb mIC2/3c4 (positive
control), or anti-E-selectin mAb 10E9.6. Positive staining is visible as brown color. Sections were counterstained with hematoxyline. Original
magnification in all sections is 4003.
mice is consistent with the idea that FucT-IV may gener- Results
ate selectin ligands. Alternatively, a fucosylation-inde-
pendent pathway could be involved (Frenette et al., L-Selectin Does Not Contribute to Leukocyte
Rolling in Ear Venules1998).
Here we examined the molecular pathways on leuko- To address the role of L-selectin, we studied leukocyte
rolling in L-selectin-deficient (L2/2) mice (Figure 1A).cytes and endothelial cells that mediate constitutive roll-
ing in the skin. We show that E-selectin is constitutively Consistent with a previous study, which found no effect
of anti-L-selectin in murine skin venules (Nolte et al.,expressed at low levels in dermal vessels and enables
cells to roll at low velocities, whereas P-selectin deter- 1994), the rolling fraction in L2/2 ears (36.1% 6 3.3%,
mean 6 SD, n 5 7 venules in 2 mice) did not differmines the frequency of rolling events. L-selectin does
not play a role in this setting. Using FucT-deficient significantly from that in wild-type (WT) mice (40.7% 6
17.8%, p . 0.05). The cumulative velocity profile of roll-strains, we show that both FucTs are necessary for opti-
mal leukocyte rolling. Most P- and E-selectin ligands ing velocity (Vroll) in L2/2 mice was also similar to that in
WT animals, although the former lacked a small popula-are generated by FucT-VII, but some carbohydrates
modified by FucT-IV can also function as ligands for the tion of cells rolling faster than 50 mm/s, which constitute
z5% of rolling cells in WT mice (Figure 1B). Thus, wetwo selectins.
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Table 1. Hemodynamics and Leukocyte Rolling Parameters in Ear Venules of WT, FucT-IV2/2, and FucT-VII2/2 Mice
Number of Diameter Vfree Rolling Vroll Vroll , 15 Vrel
Strain/mAb Venules/Animals (mm) (mm/s) WSR (s21) Fraction (%) (mm/s) (20) mm/s (%) Vrel (%) , 4% (%)
Wild-type
pre 12/3 27 6 9 337 6 121 103 6 48 45 6 8 11.3 62.9 3.7 51.8
Control
post 12/3 27 6 9 390 6 157 124 6 61 52 6 12ns 14.0 54.4 3.9 52.1
pre 8/3 22 6 6 399 6 154 142 6 61 39 6 15 13.7 54.9 3.5 57.5
ICAM-2
post 8/3 22 6 6 548 6 347 201 6 115 49 6 18ns 13.3 55.7 2.9 69.5
pre 6/3 27 6 4 341 6 114 114 6 52 28 6 16 8.5 81.6 2.5 83.7
P-selectin
post 6/3 27 6 4 330 6 100 136 6 83 10 6 5** 16.8 44.4 5.5 44.4
pre 10/3 21 6 6 455 6 156 205 6 65 62 6 20 14.9 50.3 3.2 71.7
E-selectin
post 10/3 21 6 6 391 6 98 182 6 55 46 6 12* 22.6 17.8 5.7 14.0
FucT-IV2/2
pre 9/4 26 6 6 684 6 254 202 6 88 45 6 20 22.4 42 3.3 62
P-selectin
post 9/4 24 6 6 775 6 470 247 6 150 5 6 5** 22.7 50 4.5 40
pre 7/3 23 6 8 508 6 210 185 6 101 61 6 8 25.3 38.7 4.9 34.6
E-selectin
post 7/3 23 6 8 493 6 195 168 6 79 62 6 10ns 34.3 10.0 7.3 13.6
FucT-VII2/2
pre 6/3 18 6 5 523 6 251 245 6 122 7 6 4 ND ND ND ND
P-selectin
post 6/3 18 6 5 560 6 149 271 6 115 0 ND ND ND ND
pre 6/3 21 6 9 619 6 259 225 6 117 7 6 1 32.2 28.7 7.0 25.9
E-selectin
post 6/3 20 6 10 641 6 283 303 6 164 4 6 1* 76.9 6.5 15.5 14.5
After assessment of baseline conditions (pre), animals were injected i.v. with 50 mg of one of the respective mAbs. Effects were determined
15 min later (post). The velocity of $10 rolling (Vroll) and $20 noninteracting cells (Vfree) was measured by frame-by-frame analysis of video
tapes. Vrel was calculated as Vroll/mean of Vfree *100%. Venular diameters, Vfree, wall shear rates (WSR), and rolling fractions are shown as mean 6
SD. Since Vroll and Vrel were not normally distributed, median values are given. Rolling fractions after mAb treatment versus baseline values
were compared using Wilcoxon signed rank test (ns, not significant; *p , 0.05, **p , 0.001). Percentage of slow rolling cells in all rolling
leukocytes was determined based on data not shown and cumulative velocity curves in Figures 2C and 2F (for WT) and Figures 4B and 4F (for
FucT-IV2/2 and FucT-VII2/2, respectively). Slow rolling in WT mice was defined as Vroll , 15 mm/s and Vrel , 4%. Slow rolling in FucT-deficient mice
was defined as Vroll , 20 mm/s and Vrel , 4%. Since anti-P-selectin abrogated rolling in FucT-VII2/2 mice, Vroll was not determined (ND).
concluded that L-selectin makes a minor, if any, contri- trations. Moreover, when anti-P-selectin-treated mice
were additionally injected with mAb 9A9, rolling wasbution to leukocyte rolling in noninflamed ear venules
and so focused our further efforts on E- and P-selectin. completely abolished (data not shown). None of the anti-
bodies in this study induced significant changes in he-
matocrit or leukocyte counts during at least 45 min afterE- and P-Selectin Mediate Leukocyte Rolling
injection (data not shown). Thus, leukocyte rolling inin Noninflamed Skin of WT Mice
noninflamed skin venules of WT mice depends on theTo determine which selectins control the frequency of
two endothelial selectins: the rolling frequency is largelyleukocyte rolling in normal skin, we analyzed effects of
determined by P-selectin; E-selectin plays a relativelyneutralizing mAbs (50 mg/mouse i.v.) in WT mice (Table 1).
small but statistically significant role.The nonbinding control mAb 2-4A1 and anti-ICAM-2
mAb mIC2/3c4, which we used as a second, binding
control, tended to increase rolling fractions. These Rolling in Ear Venules of P-Selectin2/2 Mice
Is Exclusively Mediated by E-Selectinchanges were statistically not significant (p . 0.05, Wil-
coxon signed rank test). In contrast, anti-E-selectin mAb Although our experiments with neutralizing mAbs sug-
gested that E-selectin alone may be sufficient to support9A9 attenuated rolling fractions modestly (26% inhibi-
tion, Figure 1C), but the reduction was statistically signif- some leukocyte rolling in skin venules, it remained theo-
retically possible that mAb 5H1 did not completely abro-icant (p 5 0.03 versus baseline). Thus, most cells were
likely to roll via P-selectin. Indeed, anti-P-selectin mAb gate endothelial P-selectin activity in WT animals. There-
fore, we also analyzed P2/2 mice (Figures 1A and 1B).5H1 had a pronounced effect on rolling fractions (63%
inhibition, p , 0.001 versus baseline). Although an earlier The baseline rolling fraction in P2/2 ear venules was
16.3% 6 13.9% (n 5 6/3), considerably lower than in a co-study had reported that polyclonal anti-P-selectin com-
pletely abolished rolling in ear venules (Nolte et al., hort of WT mice that was analyzed in parallel (40.7% 6
17.8%). mAb 9A9 essentially abrogated rolling in P2/21994), we continued to detect rolling cells in most ve-
nules after P-selectin inhibition (rolling fraction: 9.7% 6 mice (0.14% 6 0.38%, p , 0.001 versus baseline, n 5
7/3), suggesting that both E- and P-selectin are con-5.0%). Treatment of two mice with a larger dose of mAb
5H1 (100 mg/mouse) had no further effect (rolling frac- stitutively expressed and have overlapping functions in
noninflamed skin venules. Each selectin can supporttion: 11.5% 6 8.1%), indicating that the residual rolling
interactions were not due to subsaturating mAb concen- rolling in the absence of the other (Figure 1C). Other
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Figure 2. Effect of Anti-E- and P-Selectin
mAbs on Rolling Velocities in WT Ear Venules
After assessment of baseline rolling, mice
were treated with 50 mg anti-E-selectin (A±C)
or anti-P-selectin (D±F). Histograms for Vroll (A
and D) and Vrel (B and E) are shown before
(empty bars) and after mAb injection (filled
bars).
(A and D) Vroll was measured for $15 con-
secutive cells per venule. Cells were assigned
to velocity classes ranging from .0 mm/s to
,5 mm/s, 5 mm/s to ,10 mm/s, and so on.
(B and E) To account for differences in hemo-
dynamic conditions, Vrel was calculated by
normalizing Vroll of each cell to Vfree, the mean
velocity of 20 consecutive free-flowing leuko-
cytes measured in parallel in the same venule.
Cells were assigned to velocity groups rang-
ing from .0% of Vfree to ,1%, 1% to ,2%,
and so on. Cumulative velocity curves (C and
F) before and after mAb injection were gener-
ated as well. n 5 total number of cells/
venules/mice.
adhesion pathways that mediate leukocyte rolling else- E-Selectin Not P-Selectin Is Required for Slow
Rolling in Ear Venuleswhere do not appear to contribute in this setting.
The rolling fraction is a sensitive parameter to measure
the frequency and efficacy of initial adhesive contactsConstitutive Expression of E-Selectin in Murine Skin
To confirm the functional data with anti-E-selectin mAb, (tethering), but it is less indicative of the quality or
strength of established rolling (Stein et al., 1999). Towe performed immunohistochemistry on serial sections
of murine ears (Figure 1D). Whereas no specific signal determine the relative contribution by P- versus E-selec-
tin to interactions subsequent to tethering, we com-was observed with control rat IgG, essentially all mi-
crovessels were stained by anti-ICAM-2 mAb mIC2/3c4. pared Vroll in ear venules of P2/2 and WT mice. The veloc-
ity histograms and cumulative velocity curves from bothSince mAb 9A9 is relatively insensitive at detecting
E-selectin by immunohistochemistry of fixed tissues strains were very similar (Figure 1B).
It should be cautioned that the composition of leuko-(our unpublished data and B. Wolitzky, personal com-
munication), we used mAb 10E9.6, a nonblocking mAb cytes that roll in P2/2 mice may not be identical to the
larger population of cells rolling in WT mice. However,to E-selectin (Ramos et al., 1997). mAb 10E9.6 weakly
stained a subset of ICAM-21 microvessels in normal WT if one assumes this to be the case, the similar velocity
profiles would suggest that Vroll in ear venules is primarilyear sections. When TNFa was preinjected into the pinna
of the ear, a marked increase in the number and apparent determined by E-selectin, not P-selectin. Thus, we mea-
sured the effect of E-selectin inhibition on Vroll in WTstaining intensity of E-selectin-positive vessels was
found (data not shown). Sections of P2/2 ears showed mice (Table 1; Figure 2). Median Vroll increased from 14.9
mm/s before to 22.6 mm/s after anti-E-selectin injection,a similar staining pattern and intensity as those in WT
mice (data not shown). Immunoreactivity with mAb whereas control mAb 2-4A1 had no such effect (11.3
mm/s versus 14.0 mm/s). Analysis of frequency histograms10E9.6 was specific for microvessels in the skin because
no staining was detected in skin-draining lymph nodes of Vroll confirmed previous observations that this parameter
is not normally distributed but skewed toward low rolling(data not shown).
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velocities (Stein et al., 1999). The anti-E-selectin mAb
caused a significant shift in Vroll histograms and the cu-
mulative velocity curve that affected all rolling cells (p ,
0.001; Figures 2A and 2C) and was not observed with
mAb 2-4A1 nor with mAb mIC2/3c4 (p . 0.05 for both).
As shown in Table 1, hemodynamic parameters in ear
venules varied considerably between different venules.
Random variations in blood flow were also sometimes
detected in the same venule. Since changes in wall shear
rate can affect rolling, we calculated Vrel (i.e., Vroll as
percent of Vfree, the mean velocity of $ 20 noninteracting
cells measured in parallel in the same venule). After thus
accounting for hemodynamic variability, the effect of
anti-E-selectin was even more apparent (Figure 2B). In
untreated venules, .70% of all leukocytes rolled at a
velocity ,4% of Vfree, whereas 15 min after anti-E-selec-
tin injection, only 14% rolled below that velocity. In con-
trast, slow rolling was not altered by treatment with
nonbinding control mAb or anti-ICAM-2 (data not
shown). Although Vroll was normal in P2/2 mice (see
above), inhibition of P-selectin in WT animals increased
Vroll and Vrel (Figures 2D and 2E). However, unlike anti-
E-selectin, anti-P-selectin did not accelerate the entire
rolling population but primarily affected cells that moved
at higher velocities; the frequency of slow rolling cells
(below 5 mm/s) remained unchanged (Figure 2F). To-
gether, these data suggest that P-selectin determines
the overall frequency of rolling in the skin, whereas
E-selectin is crucial for rolling at very low velocities.
FucT-IV Is Crucial for Slow Leukocyte Rolling
Having clarified the role of P- and E-selectin in leukocyte
rolling in normal skin, we set out to characterize the
leukocyte-expressed carbohydrate ligands that interact
with these molecules. Previous work has shown that
rolling is markedly reduced in the skin of FucT-VII2/2
mice, but some venules support rolling, albeit at a higher
velocity than in WT ears (Maly et al., 1996). We therefore
tested whether carbohydrates that are fucosylated by
FucT-IV can function as selectin ligands. As shown in
Figure 3A and Table 1, rolling fractions in FucT-IV2/2
ears did not differ from those in WT mice (44.5% 6
19.9% versus 40.7% 6 17.8%). In contrast, virtually no
rolling was observed in mice deficient in both FucTs,
suggesting that FucT-IV alone can generate functional
selectin ligands on circulating FucT-VII2/2 leukocytes.
Figure 3. Rolling Fractions and Rolling Velocities in FucT-IV2/2,To investigate whether FucT-IV or FucT-VII affects the FucT-VII2/2, and FucT-IV 1 FucT-VII2/2 Mice
quality of rolling, we measured Vroll (Table 1). There was (A) Rolling fractions and statistics were determined as described in
a substantial increase in median Vroll in ear venules of Figure 1. Data from FucT-VII2/2 mice are based on experiments
FucT-IV2/2 versus WT mice (23.4 mm/s versus 12.4 mm/s; described previously (Maly et al., 1996). n 5 number of venules/
Figure 3B). Velocity histograms (data not shown) and animals.
(B) Cumulative rolling velocity curves in WT, FucT-IV2/2, FucT-VII2/2cumulative velocity curves in FucT-IV2/2 mice showed
mice. The percentage of cells that rolled at or below a given velocitya marked shift toward higher rolling velocities that was
is shown as a function of Vroll. n 5 total number of cells/venules/most apparent in the slowest rolling cells. Analysis of
mice in each group.FucT-VII2/2 mice confirmed increased Vroll (Maly et al., (C) For each individual venule (symbols) in WT, FucT-IV2/2, and FucT-
1996), which was somewhat more pronounced in fast VII2/2 strains, the percentage of cells that rolled slower than 10 mm/s
rolling cells than in FucT-IV2/2 animals (median 5 38.7 is shown. Means of each group are shown as horizontal lines.
mm/s). Most venules in FucT-IV2/2 and FucT-VII2/2 mice
contained few or no cells that rolled very slowly (Vroll #
while anti-E-selectin did not alter rolling fractions in10 mm/s), whereas the majority of WT venules supported
FucT-IV2/2 animals (Figure 4A; Table 1), it caused a sig-such slow rolling at variable frequency (Figure 3C).
nificant shift in Vroll and Vrel (Figures 4B±4D). Thus, al-
though FucT-IV is an important determinant of Vroll, fuco-FucT-IV Generates Ligands for Both P- and E-Selectin
sylation by FucT-IV is not obligatory for molecules thatThe paucity of slow rolling FucT-IV2/2 leukocytes resem-
bled the effect of anti-E-selectin in WT ears. However, are recognized by E-selectin during established rolling.
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Figure 4. Effect of Anti-E- and -P-Selectin mAbs on Leukocyte Rolling in Ear Venules of FucT-IV2/2 and FucT-VII2/2 Mice
(A and E) Rolling fractions in FucT-IV2/2 (A) and FucT-VII2/2 (E) mice were measured before and 15 min after injection of anti-E-selectin or
anti-P-selectin. Results are given as rolling index, i.e., the rolling fraction in each venule after mAb treatment was normalized to baseline
rolling, which was given a value of 1. Mean 6 SD are shown. Rolling fractions were compared using Wilcoxon signed rank test (ns, not
significant).
(B and F) Effects of anti-E- and -P-selectin on cumulative velocity curves in FucT-IV2/2 (B) and FucT-VII2/2 (F) mice. For the control curve,
baseline data from both antibody inhibition groups were pooled. Histograms for Vroll (C) and Vrel (D) in FucT-IV2/2 mice were generated from
data obtained before (empty bars) and after (filled bars) injection of anti-E-selectin. The small number of residual rolling cells in anti-P-selectin-
treated FucT-IV2/2 animals was insufficient to generate meaningful velocity histograms for this group. n 5 the total number of cells/venules/
mice analyzed in each group.
Anti-P-selectin had qualitatively similar effects in Vroll than in WT mice. Thus, ligands generated by both
FucTs are necessary for E-selectin to exert its full physi-FucT-IV2/2 and WT mice (Table 1). The rolling fraction
was dramatically reduced (to 4.5% 6 5.2%, p , 0.001 ologic function. From these findings, we conclude that
both P- and E-selectin support rolling of FucT-IV-defi-versus baseline; Figure 4A) but not abolished, and resid-
ual rolling was abrogated by addition of anti-E-selectin cient leukocytes; the absence of FucT-IV does not di-
minish interactions that determine the frequency of roll-(data not shown). After anti-P-selectin, Vroll of 13 out of
30 FucT-IV2/2 cells (43.3%) was below 10 mm/s (median: ing, but the strength of established interactions is
significantly reduced. In other words, carbohydrates on22.7 mm/s; Figure 4B), suggesting that mainly the fast
rolling cells were affected. Since anti-E-selectin acceler- leukocytes generated by FucT-VII alone confer a normal
ability to form tethers in skin venules (predominantlyated slow rolling cells much more than anti-P-selectin,
E-selectin determines the lowest Vroll even in the absence mediated by P-selectin), but they are insufficient for
maximum slowing of rolling cells (largely E-selectin de-of FucT-IV. However, the cumulative rolling velocity
curve in FucT-IV2/2 ears is shifted a priori toward higher pendent).
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Role of P- and E-Selectin in Ear Venules might be an important tethering receptor for skin-hom-
ing leukocyte populations that cannot interact withof FucT-VII2/2 Mice
P-selectin.To determine whether FucT-IV dependent carbohy-
On cultured endothelial cells and in many nondermaldrates interact with P- or E-selectin, we analyzed the
vascular beds such as the mesentery or cremaster mus-effects of neutralizing mAbs in FucT-VII2/2 ear venules
cle, E-selectin is only detected several hours after expo-that supported significant baseline rolling (Table 1). Anti-
sure to inflammatory cytokines or endotoxin (Kansas,P-selectin abolished rolling in nearly all venules indicat-
1996; Vestweber and Blanks, 1999). In contrast, E- asing that, at least under conditions prevalent in normal
well as P-selectin are constitutively expressed in boneskin, E-selectin alone cannot form functional tethers
marrow venules and sinusoids (Mazo and von Andrian,with leukocytes that do not express FucT-VII (Figure
1999). The present results confirm that both selectins are4E). Nevertheless, E-selectin contributed to rolling in
also expressed in normal dermal microvessels. E-selec-FucT-VII2/2 mice because anti-E-selectin reduced roll-
tin was detected by immunohistochemistry in sectionsing fractions by 35% (p 5 0.02) and significantly in-
of normal skin, but not of lymph nodes. The nonuniformcreased Vroll and Vrel of the residual interacting cells (Fig-
distribution of E-selectin in microvessels is consistenture 4F and data not shown).
with the observation that rolling is only seen in venules;
arterioles or capillaries do not support detectable inter-Discussion
actions. Thus, the regulatory mechanisms that restrict
E-selectin expression to venules appear to be as selec-Here we demonstrate that essentially all observable leu-
tive in resting skin as they are in inflamed vascular bedskocyte rolling interactions in normal murine skin are me-
of many other tissues (Olofsson et al., 1994; Jung anddiated by two endothelial adhesion molecules, P- and
Ley, 1997).E-selectin. Both are constitutively expressed in dermal
We did not examine skin sections for expression ofvenules and interact with leukocyte-expressed ligands
P-selectin, because this molecule, unlike E-selectin, isthat require fucosylation by FucT-IV and/or FucT-VII.
stored in endothelial Weibel-Palade bodies (Kansas,In WT mice, the two selectins serve distinct functions:
1996). The resolution achieved by immunohistochemis-P-selectin is the chief determinant of overall rolling fre-
try using light microscopy is insufficient to distinguish un-quency, whereas E-selectin is responsible for maximal
ambiguously between luminal and intracellular P-selec-slowing of rolling cells. In skin venules of P2/2 mice, a
tin. However, the functional data presented here andsmaller but sizeable fraction of leukocytes underwent
in earlier studies (Nolte et al., 1994; Yamada et al., 1995)rolling that was entirely E-selectin dependent and oc-
indicate that P-selectin is luminally expressed in mostcurred with similar Vroll as in WT mice. Together, these skin venules. This is also supported by studies on thefindings indicate that there is differential emphasis on
accumulation of i.v. injected radiolabeled mAbs in mu-P- versus E-selectin as determinants of rolling fraction
rine skin (Hickey et al., 1999). In these experiments,and Vroll, respectively, but their function in the skin is constitutive P-selectin expression was apparent in thepartially overlapping. P-selectin contributes to Vroll, es- absence of inflammation. The same study also reported
pecially at intermediate to high velocities, but some leu-
a 10-fold increase of anti-E-selectin accumulation in in-
kocytes can tether and roll on E-selectin without requir-
flamed skin compared to baseline accumulation, which
ing P-selectin.
was very low, suggesting that E-selectin expression is
Although our findings clearly establish a role for normally sparse.
E-selectin, P-selectin is required for most cells to roll in P- and E-selectin appear to fulfill distinct functions
WT ear venules. This is consistent with previous intravi- during rolling; anti-P-selectin markedly reduced rolling
tal microscopy studies in murine skin (Nolte et al., 1994; fractions, but had only a modest effect on slow rolling,
Yamada et al., 1995; Milstone et al., 1998; Hickey et al., whereas the opposite was true for anti-E-selectin. This
1999). A polyclonal serum to P-selectin was found to observation is consistent with studies in inflamed cre-
block rolling in ear skin of hairless mice (Nolte et al., master muscle venules where inflammatory stimuli are
1994). In contrast, Yamada et al. observed residual leu- necessary to upregulate endothelial selectins and L-selec-
kocyte rolling in a dorsal skin chamber in P2/2 mice tin ligands whose expression and relative contribution
(1995). The authors concluded that P-selectin was im- to rolling varies over time (Ley et al., 1995; Jung and
portant but not requisite for rolling in the skin. However, Ley, 1997). Although circumstances in this tissue are
the molecular mechanism(s) of P-selectin-independent thus different from the ear model where selectins are
interactions remained to be defined. Also, it cannot be continually expressed a priori, studies in the cremaster
ruled out that rolling in this model resulted from a subtle muscle found that cytokine-induced E-selectin was sim-
inflammatory response to the surgically implanted ob- ilarly necessary for slow rolling but had little influence
servation chamber. More recently, an intravital micros- on rolling fluxes, whereas P-selectin determined rolling
copy study of E-selectin2/2 mice found similar rolling frequencies (Ramos et al., 1997; Ley et al., 1998).
fractions in the intact ear skin of mutant and WT mice The reduction in Vroll afforded by E-selectin may facili-
(Milstone et al., 1998). In the present experiments, neu- tate constitutive leukocyte recruitment to the skin. As
tralization of E-selectin in WT mice had a subtle but Vroll decreases, the time that is spent by a rolling cell in
statistically significant effect on rolling fractions that a venule increases proportionally. This may allow certain
might be easily missed. Furthermore, our experiments cells to detect and respond to low levels of chemoattrac-
in P2/2 mice demonstrate that P-selectin-independent tants in skin venules. Indeed, a recent study has shown
rolling does indeed occur in normal skin and that this that the transit time of rolling leukocytes in inflamed
cremaster muscle venules is inversely correlated withinteraction is E-selectin mediated. Thus, E-selectin
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Table 2. Effects of Selectin Inhibition and FucT Deficiency on Rolling Fractions and Rolling Velocities in Murine Ear Venules
Mouse Strain Anti-E-Selectin Anti-P-Selectin Rolling Fractiona Vroll Slow Rollingc
1 Ð #b ""b ##b
Wild-type Ð 1 ##b ""b (#)b
1 1 é é é
L-selectin2/2 Ð Ð no Da no Da no Da
Ð Ð ##a no Da (")a
P-selectin2/2
1 Ð é é é
Ð Ð no Da ""a ##a
Ð 1 ###b (")b ""b
FucT-IV2/2
1 Ð no Db """b ##b
1 1 é é é
Ð Ð ###a ""a ##a
FucT-VII2/2 Ð 1 é é é
1 Ð #b ""b ###b
FucT-IV 1 -VII2/2 Ð Ð é é é
Arrows indicate a significant increase (") or decrease (#) compared to rolling parameters obtained in untreated WT micea or compared to
control parameters obtained in the same preparation before MAb treatmentb. c Slow rolling was defined as the frequency of cells with Vroll ,
15 mm/s. é: indicates that no rolling was detectable.
leukocyte arrest and emigration (Jung et al., 1998). Con- (Robert et al., 1999). Most gd T cells also express selectin
ligands (Diacovo et al., 1996; Alaibac et al., 1997), andsequently, although leukocytes roll at a normal fre-
quency in E-selectin2/2 mice, their ability to undergo skin-homing T cells are characterized by the cutaneous
lymphocyte antigen (CLA), an isoform of PSGL-1 that isintegrin-dependent arrest in inflamed tissues is reduced
(Ley et al., 1998; Milstone et al., 1998). a potent E-selectin ligand (Robert and Kupper, 1999).
Several studies have demonstrated that myeloid cellsOur study provides a molecular basis for earlier re-
ports of leukocyte rolling occurring at high frequency in and T cells, in particular Th1 cells, must interact with P-
and E-selectin to home to inflamed skin (Austrup etnoninflamed skin of mice, rats, and hamsters (Mayrovitz,
1992; Menger and Lehr, 1993; Janssen et al., 1994). This al., 1997). Studies in selectin-deficient mice lend further
support to this concept; the induction of cutaneous hy-phenomenon has also been noted in the skin of frogs
(Wagner, 1839), suggesting that it has evolved relatively persensitivity (CHS) responses are moderately reduced
or normal in P2/2 mice (Subramaniam et al., 1995; Staiteearly and may be present in many species, presumably
because it serves an important physiologic purpose. et al., 1996) and unaltered in E-selectin2/2 animals (La-
bow et al., 1994). In contrast, CHS responses are muchMany tissues do not support rolling in the absence of
inflammation, suggesting that dermal venules are highly more severely reduced after inhibition of P-selectin in
E-selectin2/2 mice (Labow et al., 1994) and in P/E-selectinspecialized (Fiebig et al., 1991; Ley et al., 1995). Since
the skin is arguably the most vulnerable organ of the doubly deficient animals (Staite et al., 1996). Similarly,
double knockout mice but not their singly deficientbody, constitutive expression of endothelial selectins
may reflect a skin-specific stage of increased alertness counterparts suffer from spontaneous skin infections
(Frenette et al., 1996; Bullard et al., 1996). This pheno-to permit rapid and efficient leukocyte recruitment to
sites of injury. type supports the idea that P- and E-selectin are critical
for efficient immune surveillance of the skin, but eitherIn addition, it seems likely that the skin supports con-
stitutive homing of leukocytes. Several bone marrow± selectin alone is sufficient to defend dermal integrity
and barrier function, at least under SPF/VAF vivariumderived subsets can be found in normal skin, including
dendritic cells (DC), Langerhans cells, mast cells, gd T conditions.
Rolling mediated by either selectin requires a1,3-fuco-cells, and some memory T cells (Steinman et al., 1995;
Alaibac et al., 1997; Robert and Kupper, 1999). These sylated ligands on leukocytes that must be generated
by FucT-IV and FucT-VII (Lowe, 1997). In the absenceresident populations are probably maintained by a con-
stant influx of precursors and/or differentiated cells from of both enzymes, rolling in ear venules is completely
abolished. Collectively, the data in this study (summa-the blood. Constitutively expressed selectins in the skin
may serve as vascular addressins during physiologic rized in Table 2) show that most ligands for E- and
P-selectin depend on FucT-VII, but occasional rolling ishoming to that organ. Indeed, E-selectin is known to
play a key role in inflammatory skin disease (Springer, still present in FucT-VII2/2 mice but not in FucT-IV1VII2/2
animals, indicating that FucT-IV generates selectin1994; Butcher and Picker, 1996), and there is ample
evidence for the ability of skin-homing cells to interact ligands that support in vivo rolling of some leukocytes.
However, for most leukocytes FucT-VII-dependent car-with endothelial selectins. For example, bone marrow±
derived mast cells roll via P-selectin in murine skin (Srira- bohydrates determine the rolling fraction (i.e., tethering
efficiency), whereas FucT-IV has minor, if any, influencemarao et al., 1996a) and human as well as murine DC
express a1,3-fucosylated PSGL-1, which allows these on this parameter. In contrast, products of both FucT-
IV and FucT-VII are important during established rollingcells to roll on P- and E-selectin in vitro and in vivo
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Figure 5. Schematic Diagram of the Relative
Contribution by P- and E-Selectin and Carbo-
hydrates Generated by FucT-IV and FucT-VII
to Leukocyte Tethering and Rolling in Nonin-
flamed Skin Venules
The estimated relative importance of individ-
ual selectin±carbohydrate interactions is indi-
cated by the thickness of arrows. Leukocyte
surface glycoconjugates generated by FucT-
IV and -VII are shown as separate molecules
for clarity. In reality, some glycoproteins such
as PSGL-1 may be simultaneously decorated
with carbohydrates modified by either en-
zyme. The contribution of individual adhesion
pathways to the magnitude of rolling fractions
in postcapillary venules is largely equivalent
to the tethering efficiency, i.e., their ability
to initiate rolling. Deficiency in P-selectin or
FucT-VII had the greatest impact on rolling
fractions, whereas E-selectin played a minor
role, and absence of FucT-IV did not affect
rolling fractions. In FucT-VII2/2 mice, only
P-selectin can support rare tethering events
in a subset of venules, presumably via interactions with FucT-IV-dependent ligands. Once a leukocyte has become tethered, E-selectin is the
major determinant of the velocity at which the cell moves. Vroll was significantly increased in venules of FucT-IV- and FucT-VII-deficient mice,
and inhibition of E-selectin in either strain increased Vroll even further. Thus, E-selectin ligands generated by both enzymes are important here.
While P-selectin had a modest impact on Vroll in animals that expressed both FucTs (i.e., WT and P-selectin2/2), P-selectin inhibition in FucT-
IV2/2 mice increased Vroll somewhat. Thus, P-selectin interaction with FucT-VII-dependent ligands can contribute to Vroll.
since deficiency in either FucT significantly accelerates the limits of sensitivity of this nonquantitative method
(data not shown). Moreover, our results in mutant strainsVroll. Thus, P-selectin interactions with ligands generated
predominantly by FucT-VII control the magnitude of roll- were consistent in quality and quantity with those in
mAb-treated WT mice. Overall, the consistency and re-ing fractions, whereas E-selectin determines Vroll by in-
teracting with carbohydrates modified by FucT-VII as producibility of our data in different settings were not
suggestive of any dramatic change in the regulation ofwell as FucT-IV.
Figure 5 illustrates the relative contribution of P- and selectins. It is possible, however, that genetic deficiency
in one FucT resulted in changes in the chemistry and/E-selectin and FucT-IV and -VII to tethering and slow
rolling. It should be cautioned that the diagram in Figure or abundance of carbohydrates generated by the re-
maining enzyme. Both FucT-IV and -VII can use the same5 is based in part on the assumption that rolling leuko-
cytes in ear venules are a homogeneous population that substrate, N-acetyllactosamine, but FucT-VII can only
fucosylate this precursor after sialylation by a(2,3)sialyl-is sufficiently similar in treated and untreated strains to
allow a direct comparison. However, the rolling cells transferases. Thus, the products generated by FucT-VII
are sLeX-like selectin ligands (Maly et al., 1996). Whenprobably belonged to several different subsets, some
of which might differ from others in their relative or FucT-IV and FucT-VII are present in the same cell, FucT-
IV is thought to fucosylate primarily nonsialylatedabsolute expression of FucTs and/or their ability to inter-
act with P- or E-selectin. Indeed, leukocyte subsets have N-acetyllactosamine resulting in LeX, which is not recog-
nized by selectins. This distinct substrate preferencebeen described that interact preferentially with E- but
not P-selectin and vice versa (Diacovo et al., 1996; Srira- may lead to competition between the two FucTs if the
availability of N-acetyllactosamine is limited. In the ab-marao et al., 1996b). Such subsets might be more or
less affected by the lack of an individual selectin or FucT sence of FucT-IV more substrate might be available for
FucT-VII, which could result in abnormally abundantthan the population at large. Since fluorescent labeling
of leukocytes with rhodamine 6G does not allow us to sLeX-like carbohydrates on FucT-IV2/2 leukocytes.
However, FucT-IV can also utilize sialylated N-acetyllac-distinguish between leukocyte families in ear venules,
we cannot exclude this possibility. However, these spe- tosamine to generate limited amounts of sLeX (Lowe,
1997). While this property of FucT-IV can explain thecialized leukocytes probably constitute a relatively small
fraction in the total population of interacting cells. Most occurrence of rolling in FucT-VII2/2 mice, it remains to
be shown that FucT-IV has equivalent activity in WTleukocytes that are likely to roll in ear venules are neutro-
phils, which express both FucT-IV and -VII and ligands leukocytes.
Despite these uncertainties, our data clearly show thatfor P- as well as E-selectin (Maly et al., 1996; J. B. Lowe
et al., personal communication). neither FucT can completely substitute for the other.
Even though substrates for FucT-VII should be abundantAnother assumption is that the density of P- and/or
E-selectin was similar in WT and mutant mice. Subtle in FucT-IV2/2 mice, FucT-VII seems incapable of synthe-
sizing selectin ligands for slow rolling. Factors that aredifferences between strains cannot be excluded with
certainty, although immunohistology of ear sections re- intrinsic to each selectin's lectin domain and/or its li-
gand(s) influence Vroll. For example, chemical modifi-vealed no apparent difference in E-selectin expression
in WT, P-selectin2/2, or FucT-IV2/2 mice, at least within cations of the L-selectin ligand PNAd can change the
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from these animals were pooled in Results. Experimental animalskinetics and mechanical properties of the bond and
were bred and housed in a specific pathogen-free/viral antibody-drastically alter Vroll (Puri et al., 1998). The precise struc-
free (SPF/VAF) animal facility and provided with sterilized chow andture of the physiologic P- and E-selectin ligands gener-
water ad libidum. All experimental protocols were approved by the
ated by FucT-IV and/or FucT-VII on murine leukocytes Standing Committees on Animals of both Harvard Medical School
is unknown. However, it is likely that FucT-IV-dependent and the Center for Blood Research.
ligands have distinct binding kinetics from those gener-
Animal Preparation and Intravital Microscopyated by FucT-VII. This could explain why rolling fractions
Animal preparation as well as technical and experimental aspectswere normal in FucT-IV2/2 mice, whereas Vroll was in-
of our customized intravital video microscopy setup have been de-creased and depended more on P-selectin than in WT
scribed recently (von Andrian and M'Rini, 1998; Robert et al., 1999).
animals. One hypothetical scenario would be that the In brief, young adult (6±12 weeks old) mice of both sexes were
bond lifetime between E-selectin- and FucT-IV-depen- anesthetized by intraperitoneal injection of physiologic saline (10
dent CHO is longer than with carbohydrates generated ml/kg) containing ketamine HCL (5 mg/ml) and xylazine (1 mg/ml).
The right jugular vein was catheterized with PE-10 polyethyleneby FucT-VII. This would result in a disproportional contri-
tubing. The fluorescent dye rhodamine 6G (20 mg/kg in PBS; Molec-bution of E-selectin and FucT-IV in lowering Vroll. In the
ular Probes) was administered intravenously to visualize circulatingabsence of FucT-IV, E-selectin can still interact with
leukocytes by video-triggered stroboscopic epi-illumination. Sev-
FucT-VII-dependent ligands but perhaps with a shorter eral superficially located postcapillary and small collecting venules
bond lifetime resulting in higher Vroll. in the left ear were randomly chosen and recorded during 1±3 min
Of note, recent biochemical analyses of PSGL-1 and intervals to assess baseline rolling interactions. Subsequently, a
bolus of 300 ml Ringer's injection solution containing 50 mg of mAbE-selectin ligand (ESL)-1 have shown that both are sub-
(9A9, 5H1, mIC2/3c4, or 2-4A1) was slowly injected through thestrates for FucT-IV as well as FucT-VII (NiemelaÈ et al.,
jugular vein catheter. Fifteen minutes later, the same venules were1998). PSGL-1 is the most prominent ligand for P-selec-
again recorded for 1±3 min intervals until z45 min after mAb injec-
tin but can also interact with E-selectin, whereas ESL-1 tion. Some animals were first treated with mAb 5H1 (50 mg) and 30
binds selectively and with high affinity only to E-selectin min later with mAb 9A9 (50 mg), and rolling in ear venules was
(Vestweber and Blanks, 1999). Our data are consistent recorded before and after each injection.
with a scenario where slow rolling is mediated by E-selec-
Peripheral Blood Leukocyte Countstin binding to carbohydrates generated by both FucTs
To determine whether the mAbs used for in vivo experiments af-and presented by ESL-1, PSGL-1, and possibly numer-
fected the number or composition of circulating leukocytes, wholeous other structures. In contrast, FucT-IV-dependent
blood was drawn from the retroorbital plexus before and 15 and 45
glycoconjugates are probably of little importance for the min after injection of 50 mg mAb 9A9, 5H1, mIC2/3c4, or 2-4A1.
formation of initial contacts between leukocytes and Duplicate differential leukocyte counts were performed using a he-
skin venules. This event appears to be dominated by mocytometer. In some animals, the hematocrit before and after mAb
injection was also measured.microvillous PSGL-1 modified by FucT-VII to interact
with P-selectin. A more profound understanding of the
Image Analysisspecific role of ESL-1 and PSGL-1 during interactions
A detailed description of leukocyte rolling and velocity analysis haswith P- and E-selectin in the skin awaits further experi-
been published previously (von Andrian and M'Rini, 1998; Stein et
mentation. al., 1999). Irrespective of the animal strain, treatment protocol, or
duration of the experiment, ,1% of leukocytes entering ear venules
were observed to stick (defined as stationary adhesion for $30 s).Experimental Procedures
Thus, leukocyte sticking was not included as a parameter.
Antibodies
mAb 9A9 (rat IgG2b) and mAb 5H1 (rat IgG1), which neutralize mouse Immunohistochemistry
E-selectin and P-selectin, respectively, and the nonbinding control A standard protocol for immunohistochemistry was followed. In
mAb 2-4A1 (rat IgG2b) were kindly provided by Dr. Barry Wolitzky brief, paraformaldehyde (2% in PBS, pH 7.5) fixed tissue samples
(Hoffman LaRoche, Nutley, NJ). mAb mIC2/3c4 against mouse were incubated over night at 48C with supernatants of mAbs to
ICAM-2 (rat IgG2a) was a gift from Dr. Timothy Springer (CBR, Bos- E-selectin (10E9.6) or ICAM-2 (mIC2/3c4). Control sections were
ton, MA). For use in intravital microscopy experiments, these mAbs treated with PBS containing 10 mg/ml rat IgG or 1% normal rat
were HPLC purified from sterile culture supernatants and stored at serum. Subsequently, slides were incubated with biotinylated rab-
2708C in endotoxin-free phosphate-buffered saline (PBS). Immuno- bit-anti-rat Ig followed by streptavidin-coupled horseradish peroxi-
histochemistry was performed using culture supernatants of mAb dase. Specific mAb binding was detected with diaminobenzidine
mIC2/3c4, anti-E-selectin mAb 10E9.6 (kindly provided by Dr. (DAB; Vector Laboratories) followed by counterstaining with hema-
Dietmar Vestweber, MuÈ nster, Germany), and rat IgG (Southern Bio- toxylin.
technology, Birmingham, AL).
Statistics
Data in graphs and tables are shown as mean 6 SD, unless other-Mice
wise indicated. For statistical analysis a commercially available soft-All animals used in this study were on a C57BL/6 3 129SV/J1 back-
ware pack was used (GraphPad Prism, 2.0b). For comparison ofground. FucT-IV2/2 and FucT-VII2/2 mice were generated using stan-
two samples, a two-tailed Wilcoxon signed rank test was used whendard gene-targeting techniques (Maly et al., 1996; J. B. Lowe et al.,
applicable. Multiple samples were compared using the Kruskal-personal communication). Homozygous deficient mice from these
Wallis test and Dunn's multiple comparison test was used to calcu-two strains were mated to generate mice deficient in both FucT-IV
late p values. Velocity histograms were compared using the Mann-and FucT-VII (FucT-IV1VII2/2) as described elsewhere (J. B. Lowe et
Whitney U test and the Kolmogorov-Smirnov test. Differences wereal., personal communication). L-selectin2/2 and P-selectin2/2 mice
considered statistically significant when p , 0.05.were kindly provided by Dr. Mark Siegelman (University of Texas
Southwestern Medical Center, Dallas, TX) and Dr. Denisa Wagner
(CBR, Boston, MA), respectively. Age- and sex-matched WT lit- Acknowledgments
termates of L-selectin-, P-selectin-, and FucT-deficient strains were
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